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Physical perturbation of the oropharynx and larynx elevates blood pressure in clinical settings (18, 34) , and laryngeal cold receptors have been identified in animals (38, 51) . Previous studies (26, 28, 35, 37) have shown that blood pressure, heart rate, and/or muscle sympathetic nerve activity are increased with cold air breathing in healthy humans. Acute exertion is also a known trigger for adverse cardiac events (3) , but the effects of cold air breathing during isometric exertion are currently unknown. A better understanding of these phenomena may allow for specific therapies to lessen winter mortality.
Recent advances in Doppler ultrasound have allowed researchers to measure blood flow through the left anterior descending coronary artery (LAD) (21, 30, 43) . This is a unique vascular bed because O 2 extraction is near maximal at rest, so an increase in O 2 demand (e.g., exercise) is primarily met by an increase in flow (56) . Moreover, flow predominantly occurs during diastole, which is relatively shorter at higher heart rates. If coronary blood flow were impaired, it is possible that myocardial function would also be compromised. Tissue Doppler imaging (TDI) measures the speed of the myocardium throughout the cardiac cycle, which provides an index of myocardial function (12) .
Thus, we conducted three physiological experiments to test three related yet distinct hypotheses: 1) compared with thermoneutral air, cold air inhalation will cause an increase in myocardial O 2 demand [as assessed by the rate-pressure product (RPP)] that will not coincide with an increase in myocardial O 2 supply [as assessed by coronary blood velocity (CBV)]; 2) cold air inhalation during 2-min isometric handgrip exercise will cause a greater increase in RPP and a smaller increase in CBV compared with 2-min isometric handgrip exercise alone; and 3) myocardial function (as assessed by TDI) will be similar whether handgrip exercise is performed alone or in combination with cold air inhalation. In this report, we demonstrate that there is an adequate redistribution of blood when isometric exercise is performed during cold air breathing. In young healthy humans, it appears that the body can adapt to the combined stimulus of cold air inhalation and exercise.
METHODS

Subjects.
Ten young adults (5 men and 5 women, age: 25 Ϯ 1 yr, height: 175 Ϯ 3 cm, weight 73 Ϯ 4 kg) volunteered to participate in this study. All were normotensive, nonasthmatic, nonsmokers, not taking any medication, and were in good health as determined by history and physical examination. The protocols used in this study were approved by the Institutional Review Board of the Penn State Milton S. Hershey Medical Center and conformed with the Declaration of Helsinki. Each subject had the purposes and risks explained to them before written informed consent was obtained. Subjects refrained from caffeine, alcohol, and exercise for 24 h before the study and arrived to the laboratory in a semifasted state (i.e., 4 -6 h after their last meal).
Experimental protocols. The present investigation used a withinsubjects design. Each participant reported to the laboratory for three visits: familiarization (visit 1), coronary blood flow (visit 2), and myocardial function (visit 3). Visit 1 served two purposes: 1) to confirm that cold air breathing did not cause bronchoconstriction and 2) to familiarize the subjects with the procedures. Specifically, participants underwent two 5-min cold air breathing sessions (cold air protocol), one 5-min room temperature air breathing session (sham protocol), a 2-min handgrip bout at 30% of their maximal voluntary contraction (always the right hand), and a 90-s cold pressor test (hand in ice water). The first cold air breathing session was conducted in the seated upright position so that pulmonary function could be measured before and after. All other measurements were obtained in the left lateral position to facilitate the acquisition of echocardiography data.
During visit 2, participants underwent the procedures shown in Fig. 1 . The exercise bouts (grip protocol and cold ϩ grip protocol) were performed in a counterbalanced fashion and were separated by ϳ1 h to minimize fatigue (49) . The 30% grip exercise was always performed for the last 2 min of the 5-min cold ϩ grip protocol. To provide visual feedback to the subject during exercise, a Stoelting dynamometer was interfaced to a custom device using an analog meter display. The cold air and sham protocols were also undertaken in a counterbalanced manner. The cold pressor test (immersion of the hand into ice water, a well-validated cold stimulus that activates the sympathetic nervous system) was always performed last, and at least 15 min separated each protocol.
Based on the RPP and CBV results obtained during visit 2, all 10 subjects returned to undergo visit 3. On this occasion, TDI measurements were obtained during the grip and cold ϩ grip protocols. The protocols were identical to those shown in Fig. 1 , and the same mechanical workload was used. Since TDI uses a different transducer (M4S) than CBV (7S) and since the peak exercise responses must be captured within a 10-to 15-s window, we chose to bring subjects back to the laboratory instead of attempting to acquire all data in the same session. Heart rate and blood pressure were acquired continuously during all protocols so that visit-to-visit reliability could be determined (e.g., change in RPP with the grip protocol during visit 2 vs. change in RPP with the grip protocol during visit 3). Within the context of this noninvasive study, we chose RPP as an index of myocardial O2 demand because it can be obtained continuously regardless of the transducer being used.
Cold air breathing apparatus. As shown in Fig. 2 , a custom system supplied cold air to the mouth of the subject. This system was designed after consulting previous research (11, 22, 26, 36) . Specifically, a 150-cm-long closed loop of copper coil (20-mm diameter) was placed into a Styrofoam box (internal dimensions: 15 ϫ 20 ϫ 10 cm) that was either empty (sham protocol) or filled with liquid nitrogen (cold air protocol). The two vertical components of the copper coil exited the lid of the box. Compressed medical air was supplied to the copper coil at a high flow rate (ϳ25-30 l/min). After exiting the coil, the air passed through a 75-cm vertical copper transport pipe that was connected to a 32-cm piece of flexible plastic tubing, ultimately terminating at a 28-mm Hans Rudolph mouthpiece (model 2700B). Two mouthpieces were connected in series because pilot testing revealed that this extra dead space allowed for a consistent supply of cold air without forcing the first valve open. The mouthpiece more distal to the subject did not contain any valves and had three small holes for sampling. The mouthpiece more proximal to the subject had two one-way valves, a small hole to sample air temperature (Tair) 5 cm in front of the mouth, and a small opening in the rubber mouthpiece itself to sample mouth temperature (Tmouth). Care was taken to match the compressed air flow rate to subject respiration (i.e., air only exited the mouthpiece during physiological expiration and not because the valves were forced open by the compressed air). A noseclip was not worn during the experiment, but the subjects were encouraged to breathe predominantly through the mouth.
Measurements. Blood pressure was recorded on a beat-to-beat basis from a finger via photoplethysmography (Finometer, FMS). These values were corrected to match the blood pressure obtained with an automated sphygmomanometer (Philips SureSigns Vs3). A standard electrocardiogram (Cardiocap/5, General Electric Healthcare) was used to monitor heart rate. Basic pulmonary function (forced expiratory volume in 1 s and forced vital capacity) was determined before and after cold air breathing with a MiniSpirdevice (Medical International Research). Tair was monitored with thermistors (TC-2000, Sable Systems) situated in the breathing apparatus (Fig. 2) . O2 saturation was monitored by pulse oximetry on the finger (Philips SureSigns VM4). Thermal sensation of the body (1 ϭ cold to 7 ϭ hot) (20) , perception of mouth coldness (0 ϭ neutral to 11 ϭ unbearably cold) (24) , perception of mouth pain (0 ϭ no pain to 10 ϭ unbearable pain) (27) , and rating of perceived exertion during exercise (6 ϭ very, very light to 20 ϭ maximal exertion) (6) were also quantified.
CBV, an index of myocardial O 2 supply, was obtained from the apical four-chamber view with a commercially available echocardiography system (Vivid 7, General Electric Healthcare). The specific procedures used in our laboratory have been previously described (21, 44) . Briefly, a variable frequency phased-array transducer (7S) was positioned to explore the left ventricular apex. The imaging depth was set at 5 cm, and the focal zones were set at ϳ2-3 cm. Color flow mapping was used, and the two-dimensional gain was adjusted to obtain the best blood flow signal of the LAD. Once this was obtained, a 2.0-mm sample volume was placed over the color signal, and CBV was recorded at end expiration. The transducer was held still throughout the protocols, and care was taken to obtain at least one three-beat clip at the end of each minute. The Doppler tracing of the diastolic portion of each cardiac cycle was analyzed using Pro Solv 3.0 to obtain the peak CBV, velocity time integral, flow duration, and relative perfusion time (flow duration/RR interval). Because of the limited spatial resolution and small vessel size, we did not attempt to measure LAD diameter. However, it has been documented that the percent increase in CBV measured via transthoracic Doppler echocardiography is similar to the percent increase in CBV measured by the intracoronary Doppler guidewire (43) . Furthermore, intracoronary Doppler guidewire measurements of the percent increase in CBV significantly correlate with the percent increase in coronary blood flow (via angiogram) (50) . A representative recording of CBV along with its derived parameters is shown in Fig. 3 .
TDI was used to measure myocardial tissue velocities during the last 15 s of each minute during the protocols. These velocities were obtained with the transducer in the apical four-chamber view and the sampling volume at the septal mitral annular region. Measurements included the systolic myocardial velocity and early and late diastolic myocardial velocities at the mitral annulus at the end of the respiration. The TDI technique is relatively insensitive to changes in loading condition (1) and is able to detect both systolic and diastolic dysfunction within 5 s after an acute reduction in LAD blood flow (12) .
Data collection and statistical analysis. Blood pressure, heart rate, T air, and grip force were sampled at 200 Hz by a data-acquisition system (MacLab, AD Instruments). These data were collected on a beat-by-beat basis, and the final 15-20 s of each minute were averaged and reported (i.e., to match when CBV and TDI were obtained). RPP, an index of myocardial O 2 demand, was calculated as heart rate ϫ systolic blood pressure.
All statistical analyses were conducted using IBM SPPS 19.0. Normality was confirmed by the Kolmogorov-Smirnov test (i.e., P Ͼ 0.05 for all measurements). Data were then screened to ensure that wearing the mouthpiece did not impact any of the measured parameters. To address the first hypothesis, 2 treatment (cold air and sham protocols) ϫ 6 time point (baseline, 1 min, 2 min, 3 min, 4 min, and 5 min) repeated-measures ANOVAs were conducted on the variables of interest followed by paired t-tests when a significant main effect was obtained. To address the second hypothesis, 2 treatment (grip and cold ϩ grip protocols) ϫ 3 time point (baseline, 1 min, and 2 min) repeated-measures ANOVA was conducted for each of the measured parameters. Paired t-tests were also performed between (grip vs. cold ϩ grip protocols) and within (vs. respective baseline) trials. In an effort to remain consistent with previous coronary blood flow studies (43, 50) and compare RPP and CBV in the same units, percent changes (baseline to peak exercise response) were calculated for RPP and CBV. RPP and CBV were also calculated for the cold pressor test. To address the third hypothesis, paired t-tests were performed between (grip vs. cold ϩ grip protocols) and within (vs. respective baseline) trials. Intraclass correlations were conducted to determine test-retest reliability (visit 2 vs. visit 3) of the percent change in RPP during the grip and cold ϩ grip protocols. A consistent change in RPP across visits was essential because all of the data in this report could not be collected at the same time. A Wilcoxon nonparametric test was used to determine differences in the perceptual variables (thermal sensation, pain, and rating of perceived exertion) during the protocols. Data are presented as means Ϯ SE, and P values of Ͻ0.05 were considered statistically significant.
RESULTS
All individuals completed the protocols with no reported pain in the mouth. Thermal sensation of the torso ranged from "neutral" to "moderately cool" throughout and was not different between any of the interventions. T air in the mouth was perceived as being significantly colder during the cold air protocol compared with the sham protocol (z ϭ Ϫ2.539, P ϭ 0.011). Perceived exertion was not different between the grip and cold ϩ grip protocols; scores ranged from "somewhat hard" to "hard" at the end of 2 min. Throughout the protocols, O 2 saturation was 99 Ϯ 1% and never dropped below 96% in any subject. Pulmonary function was unchanged with the cold air protocol (forced expiratory volume in 1 s from 4.19 Ϯ 0.32 to 4.18 Ϯ 0.30 liters and forced vital capacity from 5.42 Ϯ 0.38 to 5.42 Ϯ 0.38 liters). On average, the 90-s cold pressor test was perceived as "very very cold" and increased RPP by 44 Ϯ 12% and CBV by 57 Ϯ 18%. The mouthpiece also had no effect on hemodynamics or CBV parameters at baseline. Table 1 shows the heart rate and blood pressure responses to the cold air, sham, grip, and cold ϩ grip protocols.
Hypothesis 1: effect of inspired air temperature on RPP and CBV. As shown in Fig. 4 , both T air and T mouth were significantly different between the cold air and sham protocols at all time points (P Ͻ 0.001). RPP revealed a main effect for treatment (P ϭ 0.012) and a treatment ϫ time interaction (P ϭ 0.010). Post hoc analyses revealed that the cold air protocol caused a significantly higher RPP at 1 min (P ϭ 0.018), 3 min (P ϭ 0.005), and 4 min (P ϭ 0.013). Peak CBV showed a main effect for time (P ϭ 0.023), but no specific time points were significantly different between the cold air and sham protocols. Flow duration revealed a treatment ϫ time interaction (P ϭ 0.010), and subsequent analyses showed that flow duration was shorter with the cold air protocol at 1 min (P ϭ 0.039), 2 min (P ϭ 0.032), 3 min (P ϭ 0.026), 4 min (P ϭ 0.001), and 5 min (P ϭ 0.034). Relative perfusion time and the velocity time integral did not demonstrate any main or interaction effects. Taken together, the data shown in Fig. 4 demonstrate that myocardial O 2 demand was significantly greater with the cold air protocol, but there was a significant reduction in myocardial O 2 supply.
Hypothesis 2: effect of inspired air temperature on RPP and CBV during isometric handgrip. For RPP, 2 treatment (grip and cold ϩ grip protocols) ϫ 3 time point repeated-measures ANOVA (baseline, 1 min, and 2 min) demonstrated a main effect for time (P Ͻ 0.001) and a treatment ϫ time interaction (P ϭ 0.031). As shown in Table 2 , RPP increased during exercise regardless of treatment. In a similar fashion, flow duration revealed a main effect for time (P ϭ 0.001) such that flow duration decreased during exercise regardless of treatment. However, none of the other CBV parameters showed a main effect for time or treatment or a treatment ϫ time interaction. As shown in Fig. 5 , 2-min isometric handgrip exercise during cold air inhalation caused a greater increase in RPP than 2-min isometric handgrip exercise alone (P ϭ 0.045). Based on this finding, a post priori one-tailed t-test revealed that the increase in peak CBV was lower during the cold ϩ grip protocol compared with the grip protocol (P ϭ 0.039). Of note, 8 of the 10 subjects had a greater increase in RPP during the cold ϩ grip protocol, and 8 of the 10 subjects had an attenuated increase in peak CBV during the cold ϩ grip protocol. When comparing the relative changes in RPP and peak CBV during the cold ϩ grip protocol, we observed a much greater rise in RPP than peak CBV (P ϭ 0.024). Force output was not different between the grip (8.53 Ϯ 0.73 kg) and cold ϩ grip (8.52 Ϯ 0.71 kg) protocols. T air and T mouth during the cold ϩ grip protocol were qualitatively similar to cold air protocol (data not shown). Table 3 , cold air inhalation by itself (i.e., first 3 min of the cold ϩ grip protocol) had no significant effect on TDI indexes of myocardial function. By itself, the grip protocol did not affect systolic myocardial velocity but significantly increased both early (P ϭ 0.008 at 2 min) and late (P ϭ 0.001 at 1 min and P ϭ 0.001 at 2 min) diastolic velocities. Systolic myocardial velocity was significantly greater at the first minute of grip during the cold ϩ grip trial (P ϭ 0.044) compared with the grip trial. Similarly, early diastolic velocity was significantly greater during the second minute of grip during the cold ϩ grip trial (P ϭ 0.042). Taken together, these data indicate that myocardial function was not impaired during the cold ϩ grip trial; in fact, some parameters were even improved relative to the grip trial alone.
Hypothesis 3: effect of inspired T air on myocardial function during isometric handgrip. As shown in
As shown in Fig. 6 , the percent change in RPP was highly reproducible from day to day (i.e., high test-retest reliability) for both grip (Cronbach's ␣ ϭ 0.757) and cold ϩ grip (Cronbach's ␣ ϭ 0.813) protocols. An analysis of the raw change in RPP demonstrated a similar effect for both grip (Cronbach's ␣ ϭ 0.757) and cold ϩ grip (Cronbach's ␣ ϭ 0.813) protocols. Thus, individuals who had a large change in RPP on visit 2 had a large change in RPP on visit 3.
DISCUSSION
These experiments were undertaken to establish the time course and magnitude of physiological responses that occur when healthy young people exercise while breathing cold air. There are three main findings that help inform this clinically relevant scenario. First, despite an increase in myocardial O 2 demand (i.e., RPP) with the cold air protocol, myocardial O 2 supply (i.e., CBV) was actually impaired. Second, breathing cold air during 2 min of isometric handgrip caused a greater increase in RPP but a smaller increase in peak CBV compared with handgrip alone. Third, despite this apparent supply-de- Systolic blood pressure, mmHg Sham protocol 100 Ϯ 2 9 8 Ϯ 3 9 9 Ϯ 2 9 9 Ϯ 3 9 9 Ϯ 3 9 9 Ϯ 3 Cold air protocol 100 Ϯ 2 9 9 Ϯ 2 9 9 Ϯ 3 9 9 Ϯ 3 100 Values are means Ϯ SE; n ϭ 10 subjects. Hemodynamic responses to cold air inhalation (cold air protocol), thermoneutral air inhalation (sham protocol), 2-min handgrip exercise at 30% maximal voluntary contraction (grip protocol), and 2-min handgrip exercise at 30% maximal voluntary contraction during cold air inhalation (cold ϩ grip protocol) are shown. *Significantly different from the sham protocol; †significantly different from the grip protocol. Note that the grip protocol was 2 min in duration but is displayed at 4 and 5 min to more easily compare with the cold ϩ grip protocol. mand mismatch in the LAD during the cold ϩ grip protocol, myocardial function was unchanged, suggesting that young healthy humans can adequately redistribute blood to the subendocardium during the combined stimulus of cold air inhalation and handgrip exercise.
Environmental factors such as temperature, smoke, and pollution can trigger acute cardiac events. Epidemiological studies (5, 16a, 40, 55) have shown that cardiovascular mortality peaks in winter. Human cold physiology studies, on the other hand, have not shown consistent results; this is likely attributed to the mode, duration, and intensity of body cooling. Whole body cold exposure evokes peripheral vasoconstriction and increases in central blood volume, presumably to increase the body's insulative capacity and prevent a reduction in core temperature. In the supine posture, skin cooling via a waterperfused suit (i.e., nonshivering, nonnoxious cold stimuli) causes an increase in central venous pressure (10) , an increase in pulmonary capillary wedge pressure (58) , and a slight but nonsignificant increase in myocardial O 2 demand (59) in young healthy adults. Although systolic blood pressure has been shown to increase with skin cooling (15, 29, 58, 60) , the concomitant decrease in heart rate minimizes the effects of cooling on RPP. Similarly, whole body exposure to 5°C air has been shown to increase systolic blood pressure, lower heart rate, and increase stroke volume in both supine (48) and seated volunteers (46, 57) , but these studies involved mild shivering, which makes a direct comparison with the present study challenging.
While the effects of skin cooling on cardiovascular function have been the focus of much research, the specific effects of cold air inhalation are less clear. This is practically relevant since many outdoor winter activities are relatively short in duration (e.g., walking to the mailbox or carrying groceries into the home) and likely do not reduce skin temperature. During these brief cold exposures, it is possible that breathing cold air alone could provoke symptoms of chest pain. With regard to myocardial O 2 demand, the present study suggests that heart rate plays a greater role than systolic blood pressure during the cold air protocol. This is in contrast to a report by Heindl et al. (28) , where 5 min of cold air inhalation (Ϫ25°C) caused a significant increase in systolic blood pressure but not heart rate in young healthy men. The discrepancy between studies is difficult to explain, but we have confidence in our results because 1) we included a room temperature time control (sham protocol) to account for any intrinsic differences in hemodynamics due to the breathing apparatus itself, 2) our subjects underwent two cold air breathing trials on a prior familiarization day to minimize anxiety, 3) both O 2 saturation and pulmonary function were unchanged with the cold air protocol in the present study, suggesting that this phenomenon is localized to the upper airway. Consistent with our data, RPP has been shown to be elevated in patients with cold intolerance during Ϫ35°C air breathing (35) as well as in healthy male volunteers during Ϫ16°C air breathing (37) . Several indexes of coronary blood flow were impaired in the present study during the cold air protocol. In a previous report (26) , both RPP and coronary blood flow (catheter in coronary sinus) increased during Ϫ20°C air breathing in older patients with exertional angina.
Vigorous exercise is also a risk factor for adverse cardiac events (3). Shoveling snow includes both isometric and iso- tonic components and causes a rapid increase in heart rate, blood pressure, and O 2 consumption (14, 19, 52, 53) . Other cold weather activities, such as skiing and deer hunting, similarly increase myocardial O 2 demand (4, 8, 25) . Within 1-7 days after a heavy snowstorm, the prevalence of myocardial infarction often doubles (9, 23, 32) . These acute coronary patients commonly present to the emergency room normothermic but with chest pain and diaphoresis. The increase in winter cardiac events, termed "snow shoveler's ST elevation," suggests that thermoregulatory reflexes (i.e., core and/or skin temperature reduction) are not the sole factors that trigger adverse events in the winter. We have shown that breathing cold air potentiates the RPP response to a 2-min bout of isometric handgrip without a concomitant increase in peak CBV (Fig. 5) . Since O 2 extraction in the coronary bed is near maximal at rest, an increase in demand (i.e., RPP) must be met by an increase in supply (CBV). The greater increase in RPP during the cold ϩ grip protocol is not surprising since both the cold air and grip protocols each individually increase this index of myocardial O 2 consumption (Table 1) . Based on the augmented RPP response to the cold ϩ grip protocol, we would have anticipated a greater increase in peak CBV. Instead, we showed that the percent increase in peak CBV during the cold ϩ grip protocol is significantly less than the peak CBV response to the grip protocol alone. Furthermore, when RPP and peak CBV were compared during the cold ϩ grip protocol, the percent change in peak CBV was significantly impaired. It appears that heart rate, and not systolic blood pressure, is causing the greater rise in RPP. Higher heart rates would shorten the relative perfusion time for CBV. In the present study, relative perfusion time was not significantly different between treatments (cold vs. sham protocols or grip vs. cold ϩ grip protocols), but it is apparent that exercise per se reduces this parameter. Future experiments could investigate the relationship between heart rate and CBV by raising (e.g., atropine) or lowering (e.g., propranolol) heart rates at baseline.
It is interesting to note that animal studies have demonstrated that ␣-adrenergic coronary vasoconstriction can serve to redistribute blood to the subendocardium during exercise (31) . This is particularly important with high systolic blood pressures and/or high heart rates. With high systolic pressures, endocardium compressive faces are greater than those seen in the epicardium and high heart rates lead to a reduction in the percentage of time that the left ventricle spends in diastole (17) .
The present TDI data suggest that myocardial function was similar during the grip and cold ϩ grip protocols, even though peak CBV during the cold ϩ grip protocol was not as great as CBV during the grip protocol alone. These findings could be due to a sympathetically mediated redistribution of flow during the cold ϩ grip protocol. However, our data must be viewed cautiously since it is also possible that our findings are due to relative sensitivities/differences in the Doppler flow velocity and tissue Doppler indexes, respectively. To effectively address these issues, new paradigms and approaches aimed at measuring both flow and function during higher levels of exertion will be needed. Previous studies have shown that patients with stable angina have an earlier onset of chest pain and a reduction in exercise capacity during treadmill (13) and cycling (47) exercise during a cold air protocol. These studies suggest that the cold air protocol might trigger a sympathetic reflex that acts directly on the myocardial resistance vessels, thereby causing a supplydemand mismatch. While there is no direct evidence to confirm this, other studies using exercise in conjunction with whole body cold exposure have reported similar findings in patients with coronary artery disease. Specifically, submaximal exercise performance (7), time to ischemia (33, 41) , and O 2 demand (7, 16, 33) were higher when exercise was performed in a cold environmental chamber. To our knowledge, the present study is the first to demonstrate that the cold ϩ grip protocol causes an augmented RPP response and an attenuated CBV response in young healthy subjects.
Consistent with a previous study (44) in young healthy humans, the cold pressor test increased both RPP and CBV. An interesting note is that the water temperature for this 90-s protocol was 1 Ϯ 1°C and was perceived as "very, very cold," whereas the 5-min cold air protocol (temperature from Ϫ10 to Ϫ20°C) was perceived as "cool" or "moderately cool." This is not surprising since T mouth in our study was the product of both inspired (very cold) and expired (warm) air. Moreover, the cold pressor test at this temperature induces a moderate amount of pain, which has been shown to contribute to the increase in RPP (42) . As expected, this local cold stimulus to the hand initiated a sympathetic reflex whereby the peak CBV increased to meet the increase in RPP.
Coronary blood flow is controlled by the sympathetic nervous system as well as local vasodilator mechanisms (31) . Previous work from our laboratory has shown that 15-to 20-s bouts of isometric handgrip, a preferential activation of central command and the muscle mechanoreflex, cause an increase in coronary vascular resistance (i.e., vasoconstriction) (44) . Although the present study does not provide evidence for vasoconstriction during a 2-min bout of the grip protocol (i.e., when the metaboreflex was also activated), a sympathetic reflex originating in the upper airway could explain the impaired increase in peak CBV with the cold ϩ grip protocol. Future studies could block the afferent and efferent arms of this reflex to determine the underlying mechanisms.
Limitations. Echocardiography-derived measurements of coronary blood flow and myocardial function cannot be measured simultaneously, and they also are unable to quantify mechanical or metabolic adaptations in the myocardium. In this study, we chose to study people on two separate days (visit 2 and visit 3) because the peak exercise responses occur within a 15-to 20-s window and switching transducers would have introduced measurements error. However, the changes in blood pressure and heart rate (i.e., RPP) to the grip and cold ϩ grip protocols were similar across visits (Fig. 6 ). We chose a 2-min bout of handgrip exercise in the left lateral position because it best allows for the measurement of CBV. Furthermore, isometric gripping and carrying heavy objects are common in everyday life. Future studies could investigate fatiguing grip exercise or dynamic whole body exercise to determine if an expected increase in breathing depth and frequency might cool lower portions of the respiratory tract (39) and further affect CBV. It is well known that T mouth decreases with inspiration and increases with expiration, so an approximation of respiratory frequency can be made from our data (not shown). However, direct measurements of expired air were not obtained because the turbine and sampling hoses froze during pilot testing.
Summary. In conclusion, this echocardiographic study in healthy young humans provides three novel findings that lay the foundation for future studies in clinical populations. First, the cold air protocol caused an increase in RPP compared with the sham protocol, but CBV was actually impaired under these conditions. Second, the cold ϩ grip protocol caused a greater increase in RPP and a smaller increase in CBV compared with the grip protocol alone. Third, myocardial function was not impaired during the cold ϩ grip protocol relative to the grip protocol alone, suggesting that a reduction in CBV in the LAD is an appropriate response to redistribute blood to the subendocardium. These data add to current knowledge, although further investigation is required to determine underlying mechanisms.
